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The term apoptosis often has been used interchangeably with the
term programmed cell death. Here we describe a form of pro-
grammed cell death that is distinct from apoptosis by the criteria
of morphology, biochemistry, and response to apoptosis inhibi-
tors. Morphologically, this alternative form of programmed cell
death appears during development and in some cases of neuro-
degeneration. Despite its lack of response to caspase inhibitors and
Bcl-xL, we show that this form of cell death is driven by an
alternative caspase-9 activity that is Apaf-1-independent. Charac-
terization of this alternative form of programmed cell death should
lead to new insight into cell death programs and their roles in
development and degeneration.

The original definition of apoptosis as a form of cell death
distinct from necrosis was based on morphological criteria

(1). Genetic studies in Caenorhabditis elegans led to the
identification of key components of the apoptotic cell death
pathway, including the protease Ced-3 (2–5). However, it has
become clear that the morphological descriptions of apoptosis
and necrosis are not adequate to describe all cell deaths;
examples that do not conform to the criteria for either of
these forms of cell death include: (i) certain developmental
cell deaths, such as autophagic cell death (6–10) and cyto-
plasmic cell death (7, 9, 11–14); (ii) some neurodegenerative
cell deaths, such as those in a transgenic mouse model of
amyotrophic lateral sclerosis (15); and (iii) some ischemia-
related cell deaths featuring cell swelling, referred to as
oncosis (16).

The biochemical basis for these alternative morphological
forms of cell death remains unknown. Understanding the mech-
anisms for these forms has implications for the understanding of
evolutionary aspects of cell death programs, developmental cell
death, neurodegeneration, and cancer therapeutics and for the
design of novel therapeutic agents for diseases featuring these
alternative forms of cell death.

Here we describe a form of nonapoptotic programmed cell
death (paraptosis, from para 5 next to or related to, and
apoptosis) that fails to fulfill the criteria for apoptosis (Table 1).
We also show that this form of cell death is programmatic,
because it requires gene expression. Despite its lack of response
to caspase inhibitors and Bcl-xL, however, this alternative form
of cell death nonetheless is inhibited by a catalytic mutant of
caspase-9 zymogen. Furthermore, in complementary studies we
show that the expression of caspase-9 zymogen leads to both
apoptotic and nonapoptotic programmed cell death; block of the
apoptotic arm of this response by caspase inhibitors (17) converts
the cell death to the nonapoptotic form. Finally, the alternative,
nonapoptotic pathway mediated by caspase-9 is Apaf-1-
independent and is not inhibited by mutation of the sites of
zymogen processing to the apoptotically active forms (D315 and
D330).

Methods
Cells and Culture Conditions. 293T cells and Apaf-1 null mouse
embryonic fibroblasts were cultured in DMEM containing 10%

FBS and 1% penicillinystreptomycin. Transient transfections
used Lipofectamine (GIBCOyBRL) according to the manufac-
turer’s instructions. A total of 1 3 106 293T cells or 2 3 105

Apaf-1 null cells were seeded in 6-cm dishes and transfected the
next day by using a ratio of DNAyLipofectamine of 1 mgy5 ml.
Transfection efficiency was 60–80% for 293T and 10–20% for
the Apaf-1 KO cells, determined by 5-bromo-4-chloro-3-indolyl
b-D-galactoside staining after transfection of a b-galactosidase
construct.

T-butyloxycarbonyl-Asp(O-methyl)-f luoromethyl ketone
(BAF) and benzyloxycarbonyl-valyl-alanyl-aspartyl f luoro-
methyl ketone (zVAD.fmk) were obtained from Enzyme
Systems Products (Livermore, CA). Actinomycin D and cyclo-
heximide were from Sigma.

Constructs. The human insulin-like growth factor I receptor
(IGFIR) b subunit intracellular domain was subcloned from a
NT2 (human teratocarcinoma) cDNA library by PCR amplifi-
cation and inserted into pcDNA3 (Invitrogen). Fifteen amino
acids containing the Src myristylation signal sequence were
incorporated into the construct.

Mutants of IGFIR intracellular domain (IGFIR-IC) were
obtained by QuikChange mutagenesis (Stratagene) from the
wild-type construct. The sequences of all constructs were con-
firmed, and Western blot analyses were performed to verify
protein expression.

Assessment of Cell Death and Apoptosis. Cell death was assessed by
trypan blue exclusion. Floating cells were collected at the
indicated times after transfection, by centrifugation for 10 min at
1,500 rpm. The cell pellet was resuspended in 50 ml of PBS, to
which 50 ml of trypan blue was added. Dead cells were counted
by four independent hemocytometer counts.

For the Apaf-1 KO cells, both f loating and adherent cells
were collected by trypsinization, and the cell death was
determined as the percentage of dead cells over the total
number of cells.

For the assessment of cell death after treatment with actino-
mycin D and cycloheximide, 293T cells were transfected as
described above; 8.5 h after the beginning of transfection the
drugs were added at the indicated concentrations and subse-
quently removed after 12 h, at which time the cells were fed with
fresh medium. Floating cells were collected 24 h after the
removal of the drugs, and dead cells were counted in the
presence of trypan blue.

Abbreviations: zVAD.fmk, benzyloxycarbonyl-valyl-alanyl-aspartyl fluoromethyl ketone;
BAF, t-butyloxycarbonyl-Asp(O-methyl)-fluoromethyl ketone; IGFIR, insulin-like growth
factor I receptor; IGFIR-IC, IGFIR intracellular domain; TUNEL, terminal deoxynucleotidyl-
transferase-mediated dUTP nick-end labeling; xiap, X-chromosome-linked inhibitor of
apoptosis.
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CPP32 (caspase-3)-like activity was determined by using the
ApoAlert Caspase-3 Assay Kit (CLONTECH), following the
manufacturer’s instructions.

Terminal deoxynucleotidyltransferase-mediated dUTP nick-
end labeling (TUNEL) staining was performed by using the
Apoptosis Detection System (Fluorescein) from Promega, fol-
lowing the manufacturer’s instructions.

Oligonucleosomal DNA fragmentation was assessed by ex-
traction of soluble DNA from 3 3 106 transfected cells, by the
method of Frisch and Francis (18).

Coimmunoprecipitation Assay. Cell lysis and immunoprecipitation
were performed as described in Ye et al. (19).

Electron Microscopy. Samples for electron microscopy were pre-
pared as described (20) and examined on a Hitachi 600 electron
microscope.

Results
The IGFIR Induces Cell Death. During studies of dependence re-
ceptors (21) [i.e., receptors such as the common neurotrophin
receptor (22), the androgen receptor (23), and DCC (deleted in
colorectal cancer) (24) that induce cell death unless blocked by
ligand binding], we observed that the expression of the IGFIR
induced cell death that did not fit the criteria for apoptosis
(Table 1 and Figs. 1 and 2).

This was observed after expression of IGFIR (the IC domain
was used to prevent ligand-induced signaling) in 293T cells (Figs.
1 and 2), 293, MCF-7, Cos-7, and primary cultures of mouse
embryonic fibroblasts (data not shown), demonstrating that the

ability of IGFIR to induce this alternate type of cell death was
not restricted to a specific cell type. The overexpression of the
full-length IGFIR in 293 cells also induced cell death reproduc-

Fig. 1. The IGFIR-IC induces cell death. (A) Comparison between the cell death
induced by pIGFIR-IC and nonmyristylated form of the IC domain and deletion
mutants. Asterisks indicate a highly significant difference from the control as
determined by one-way ANOVA (F 5 63.3; P , 0.0001); P , 0.0001 for pIGFIR-IC
and pIGFIR-ICD1264–1276, BonferroniyDunn posthoc test. Error bars represent
the SEM from three independent experiments. (B) Light microscopy, using Hoff-
man optics, demonstrating morphological changes induced by IGFIR-IC. IGFIR-IC
expression caused a rounding of the cells and intracellular vacuoles. (C) Ultra-
structural characteristics of IGFIR-induced cell death. 293T cells transfected with
control empty vector pcDNA3 (a), pC9 (b), or pIGFIR-IC (c and d). Although
caspase-9-transfected cells displayed characteristic features of apoptosis, includ-
ing chromatin condensation, IGFIR-IC-transfected cells did not. In contrast, ex-
tensive cytoplasmic vacuolization was observed in the absence of nuclear frag-
mentation, cellular blebbing, or apoptotic body formation. Note that the cell
shown in b displays both the chromatin condensation characteristic of apoptosis
and membrane disruption characteristic of necrosis, suggesting secondary necro-
sis after apoptosis. (Original magnification: 36,000.)

Table 1. Comparison of apoptosis, necrosis and paraptosis

Apoptosis Necrosis Paraptosis

Morphology
Nuclear

fragmentation
1 2 2

Chromatin
condensation

1 2 6

Apoptotic bodies 1 2 2

Cytoplasmic
vacuolation

2 1 1

Mitochondrial
swelling

Sometimes 1 Late

Genomic effect
TUNEL 1 Usually 2 2

Internucleosomal
DNA
fragmentation

1 2 2

Caspase activity
DEVD-cleaving

activity
1 2 2

Caspase-3
processing

1 2 2

PARP cleavage 1 (85-kDa
fragment)

1 (50- to
62-kDa
fragments)

2

Inhibition by:
zVAD.fmk 1 2 2

BAF 1 2 2

p35 1 2 2

xiap 1 2 2

Bcl-xL 1 Usually 2 2

Actinomycin D Sometimes 2 1

Cycloheximide Sometimes 2 1

DEVD, Asp-Glu-Val-Asp; PARP, poly(ADP-ribose) polymerase.

Sperandio et al. PNAS u Demcember 19, 2000 u vol. 97 u no. 26 u 14377

CE
LL

BI
O

LO
G

Y



ing the same morphology, although the expression of the IC
domain alone was a stronger inducer of cell death (not shown).

IGFIR initially was evaluated as a potential dependence

receptor because its targeted disruption in transgenic mice was
shown to lead to an increase in neuronal density in the spinal
cord and brainstem (25) and because its overexpression was
shown to inhibit tumor formation and induce cell death (26–28).

Membrane targeting was required for cell death induction by
IGFIR, because omission of the myristylation site in the IG-
FIR-IC construct destroyed its ability to induce cell death (Fig.
1A). To exclude the possibility that the cell death induction was
a nonspecific effect of the overexpression of a membrane-
targeted protein, we performed mutagenic analyses. The pres-
ence of both the kinase domain and noncatalytic carboxyl
terminus proved to be necessary to induce cell death (Fig. 1 A).
These results suggested that the cell death was a specific effect
of membrane-targeted IGFIR.

IGFIR-Induced Cell Death Is Nonapoptotic. Ultrastructurally, cell
death induced by IGFIR-IC in 293T cells lacked the features of
apoptosis, including nuclear fragmentation, apoptotic body for-
mation, and chromatin condensation (Fig. 1C). Instead of these
characteristics, cytoplasmic vacuolation was observed (Fig. 1 B
and C). Vacuoles were derived predominantly from the endo-
plasmic reticulum, but mitochondrial swelling also was observed.
Autophagic vacuoles were not observed.

Caspase enzymatic assays showed that, whereas the proapo-
ptotic protein Bax induced cell death with associated caspase
activation, IGFIR-IC induced cell death without associated
caspase activation (Fig. 5, which is published as supplemental
data on the PNAS web site, www.pnas.org). Similar results were
obtained with immunoblot assays for caspase-3 cleavage (not
shown).

One of the defining features of apoptotic cell death is the
fragmentation of chromatin (29, 30). We examined genome
integrity by agarose gel electrophoresis and observed fragments
suggestive of internucleosomal DNA cleavage in the control cells
transfected with a Bax expression construct, but not in the
IGFIR-IC-transfected cells (Fig. 2 A). We also performed
TUNEL staining of cells transfected with either IGFIR-IC or
Bax. The Bax-transfected cells were labeled in the TUNEL assay,
but those transfected with IGFIR-IC were not (Fig. 2B).

Results obtained with apoptosis inhibitors supported the
ultrastructural and biochemical results described above: neither
the caspase inhibitors zVAD.fmk, BAF, p35, and X-chromo-
some-linked inhibitor of apoptosis (xiap), nor the Bcl-2 family
member Bcl-xL inhibited 293T cell death induced by IGFIR-IC
(Table 1, and supplemental Fig. 6).

Cell Death Induced by IGFIR Requires Protein Synthesis. In some
paradigms de novo protein synthesis is required for programmed
cell death. As shown in Fig. 2C, actinomycin D restored cell
viability to control levels after transfection with IGFIR-IC in
293T cells. Furthermore, treatment with cycloheximide induced
a dose-dependent block of IGFIR-induced cell death. These
results suggest that IGFIR-driven cell death requires transcrip-
tion and translation. Further support that this phenotype is
distinct from necrosis was provided by a difference in cleavage
of poly(ADP-ribose) polymerase (PARP), which results in 50- to
62-kDa fragments in necrosis (31) but not in paraptosis (Table
1), and by the finding that oligomycin (100 ngyml), which blocks
Bax-induced apoptosis (32), blocked the phenotype (data not
shown).

Caspase-9 Mediates IGFIR-Induced Cell Death. Paradoxically, despite
the lack of effect of caspase inhibitors on nonapoptotic pro-
grammed cell death induced by IGFIR, a catalytic mutant of
caspase-9 zymogen, which acts as a dominant negative form of
pro-caspase-9 (5, 33–35), blocked IGFIR-IC-induced cell death
(Fig. 3A). This effect was specific for caspase-9, because similar
forms of caspases-2, -3, -6, -7, and -8 had no effect (Fig. 3 A and

Fig. 2. IGFIR-IC-induced cell death is nonapoptotic. (A) Internucleosomal DNA
fragmentation of cells transfected as in Fig 1. Soluble DNA was extracted from
cells 24 or 48 h after transfection. Whereas the Bax-transfected cells demon-
strated internucleosomal DNA fragments, the chromatin in IGFIR-IC transfected
cells remained intact at 24 and 48 h after transfection. (B) TUNEL staining of cells
transfected as in A. Cells were assayed 48 h after transfection. (Upper) FITC
staining of the TUNEL labeling. Bax, but not IGFIR-IC, transfected cells show
TUNEL-positive staining. (Lower) The same fields of cells stained with propidium
iodide (PI). Cells were permeabilized before staining. Similar results were ob-
tained at 24 h. (C) Transcription and protein synthesis are required for IGFIR-
induced cell death. Actinomycin D (Act.D) or cycloheximide (CHX) (numbers
represent mgyml) were added 8.5 h after the transfections, and the medium was
replaced after 12 h with fresh medium without drugs. Floating cells were col-
lected after 24 h and counted in the presence of trypan blue. Control samples
were treated with solvent only (ethanol 0.05%). The expression of IGFIR-IC at the
time of administration of the drugs was comparable to the expression at 24 h, as
assessed by Western blot analysis. The error bars represent the SEM of four
independent experiments. Within the samples transfected with pIGFIR-IC, the
asterisks indicate a highly significant difference (P 5 0.0011 for 0.25 mgyml CHX,
and P , 0.0001 for 0.5 mgyml CHX, and 0.5 mgyml and 1 mgyml Act.D; Bonferroniy
Dunn posthoc test) from the pIGFIR-IC transfected sample treated with solvent
only (EtOH), as determined by one-way ANOVA (F 5 20.727; P , 0.0001).
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B, and data not shown). Caspase-9 also coimmunoprecipitated
with IGFIR-IC (Fig. 3C), suggesting that the recruitment of
caspase-9 by IGFIR may trigger the cell death stimulus.

Consistent with the possibility for a functional role of
caspase-9 in this alternative form of cell death, neither the
IGFIR-IC construct missing the membrane recruitment signal,
nor the truncated forms previously described that failed to
induce cell death, coimmunoprecipitated with caspase-9 (Fig.
3C), whereas the deletion mutant in the C terminus (D1264–
1276), which retained cell death-promoting activity, also coim-
munoprecipitated with caspase-9.

Caspase-9 Induces Both Apoptosis and Nonapoptotic Cell Death. The
results obtained with expression studies of IGFIR-IC implied

that caspase-9 (or caspase-9 zymogen) mediates both an apo-
ptotic and a nonapoptotic form of programmed cell death. To
test this hypothesis, we expressed caspase-9 (in the absence of
IGFIR-IC expression) and found that both apoptosis and nonapo-
ptotic programmed cell death were induced (Fig. 4), with
apoptosis representing approximately 80–90% of the cell death.
However, when apoptosis was inhibited by BAF, virtually all of
the apoptosis was eliminated, revealing the nonapoptotic cell
death more clearly (Fig. 4 A and B). Furthermore, all of the
features of cell death induced by IGFIR-IC were reproduced by
the expression of caspase-9 in the presence of BAF (Fig. 4 and
Table 1). In contrast, cell death induced by the expression of
caspase-7 was completely eliminated by BAF (Fig. 4A).

In addition to separating the proapoptotic and nonapoptotic
effects of caspase-9 by adding BAF, these effects could be
distinguished by expression in Apaf-1 null cells [which have been
shown previously to be resistant to a variety of apoptotic stimuli
(36)], in which case cell death was induced both by IGFIR-IC and
caspase-9 expression in the presence of BAF (supplemental Fig.
7). The morphological features of nonapoptotic cell death
described above also were reproduced in Apaf-1 null cells.

A third distinction between the proapoptotic and nonapopto-
tic effects of caspase-9 occurred with mutation of the zymogen
processing sites within caspase-9 zymogen, D315 and D330.
These mutations, which block processing of caspase-9, reduced
the percentage of dead cells caused by apoptosis from 85 6 6%
in the wild type to 36 6 8% in the double mutant, with a
concomitant increase in nonapoptotic cell death.

Discussion
Despite the widespread occurrence of apoptosis in physiological
and pathological cell death, the occurrence of cell deaths that
fulfill neither the criteria for apoptosis nor necrosis has been well
documented. However, the biochemical mechanisms involved in
these alternative forms of cell death are unknown. Therefore,
modulation of the apoptotic pathway genetically or pharmaco-
logically may prove ineffective in situations in which nonapo-
ptotic cell death occurs, such as in at least some cases of
neurodegeneration (15).

The studies described here demonstrate that IGFIR, as well as
the IGFIR intracytoplasmic domain, induces a form of nonapo-
ptotic programmed cell death characterized by cytoplasmic
vacuolation and resistance to apoptosis inhibitors. This form of
cell death requires transcription and de novo protein synthesis.
Preliminary results from microarray screening comparing gene
expression profiles between IGFIR-induced cell death and apo-
ptotic cell death were consistent with distinct cell death pro-
grams. Among the 7,075 genes evaluated, fewer than 2% of those
differentially expressed were found to be shared between the two
cell death programs (two of 116) (S. Castro-Obregon, G. del Rio,
M. Eshoo, and D. B., unpublished results).

Induction of cell death by IGFIR has been documented
previously: overexpression of fragments of the IGFIR-IC in
cancer cells was shown to reduce tumorigenicity in nude mice
and to induce cell death (27, 37). Furthermore, the expression of
IGFIR was decreased in prostate cancer (38), and its reexpres-
sion in immortalized human prostate cells inhibited the malig-
nant phenotype (26). A potential role for IGFIR in develop-
mental cell death was suggested by the phenotype of IGFIR-null
mice, which includes a higher neuronal density in the brainstem
and spinal cord (25).

We have shown here that IGFIR may induce a form of
programmed cell death with features distinctive from apoptosis.
This form of programmed cell death may have been assumed to
be necrosis in some cases because of its morphological features
of cytoplasmic vacuolation and mitochondrial swelling, along
with the lack of effect of caspase inhibitors. We have dubbed this
previously uncharacterized form of cell death paraptosis.

Fig. 3. IGFIR-IC-induced cell death is blocked by a catalytic mutant of
pro-caspase-9. (A and B) 293T cells were transfected with 2 mg of DNA
consisting of either pcDNA3, 0.5 mg pIGFR-IC 1 1.5 mg pcDNA3, or 0.5 mg
pIGFR-IC 1 1.5 mg dominant negative caspase-9 (pC9DN, in A) or dominant
negative caspase-7 (pC7DN, in B) expression constructs. Forty-eight hours after
transfection, dead cells were counted. Asterisks denote a highly significant
difference from the control as determined by one-way ANOVA. In A, F 5 25.2,
P 5 0.0002 with P 5 0.0001 for pIGFIR-IC (BonferroniyDunn posthoc test). In B,
F 5 118.487, P , 0.0001, with P , 0.0001 for pIGFIR-IC and pIGFIR-IC 1 pC7DN
(BonferroniyDunn posthoc test). Error bars represent the SEM from three
independent experiments. (C) Protein extracts from cells cotransfected with
pIGFR-IC wild type or mutants, as indicated, and FLAG-tagged C9DN expres-
sion constructs were subjected to immunoprecipitation (IP) using an anti-IGFIR
polyclonal antibody. Immunoprecipitates then were resolved by 15% SDSy
PAGE, and Western blotting was performed by using a mAb against the FLAG
epitope to detect caspase-9. WCE 5 whole-cell extract.

Sperandio et al. PNAS u Demcember 19, 2000 u vol. 97 u no. 26 u 14379

CE
LL

BI
O

LO
G

Y



The current studies show that paraptosis induced by IGFIR is
mediated by caspase-9, despite the initially paradoxical finding
that caspase inhibitors failed to inhibit the process. Mutants of
IGFIR that failed to coimmunoprecipitate with caspase-9 also
failed to induce paraptosis; furthermore, a catalytic mutant of
caspase-9 that functions as a dominant negative caspase-9
blocked this nonapoptotic cell death induction. Finally, the
expression of caspase-9 in the presence of the apoptosis inhibitor
BAF (or zVAD.fmk) induced nonapoptotic cell death that was
indistinguishable from that induced by IGFIR.

Although the only known function of caspase-9 to date has
been as an inducer of apoptosis via cleavage and activation of
caspase-3 zymogen (and possibly other caspase zymogens such
as caspase-7), we found that the proapoptotic and the proparap-
totic effects of caspase-9 could be distinguished by the lack of
effect of caspase inhibitors (BAF, zVAD.fmk, p35, and xiap),
lack of requirement for Apaf-1, and lack of suppression by

Table 2. Examples of nonapoptotic cell death featuring
cytoplasmic vacuolation

Location Description Characteristics Reference

Neuronal
development

‘‘Cytoplasmic’’ ER swelling,
later
mitochondrial
swelling

(11)

Neuronal
development

‘‘Type 3B’’ ER swelling,
later
mitochondrial
swelling

(9)

S. pombe Bax-induced death Cytoplasmic
vacuolation

(45)

D. discoideum DIF-induced cell
death

Cytoplasmic
vacuolation

(46)

ALS model
G93A
transgenic
mouse

Motor neuron
degeneration

ER swelling,
later
mitochondrial
swelling

(15)

ALS, amyotrophic lateral sclerosis; DIF, differentiation-inducing factor; ER,
endoplasmic reticulum.

Fig. 4. Caspase-9 induces both apoptosis and nonapoptotic cell death. (A)
293T cells were transfected with the indicated pcDNA3-based caspase zymo-
gen expression constructs. The general caspase inhibitor BAF was added at 50
mM final concentration. Cell death was assayed 48 h after transfection. Al-
though BAF was able to inhibit caspase-7-induced cell death completely, it
only inhibited caspase-9-induced cell death partially (30%). Asterisks indicate
a highly significant difference from the control as determined by one-way
ANOVA analysis (F 5 34.624, P , 0.0001), P , 0.0001 for pC9, P 5 0.0002 for
pC7, and P 5 0.0001 for pC9 1 BAF (BonferroniyDunn posthoc test). Error bars
represent the SEM from three independent experiments. (B) Light microscopy
of 293T cells transfected with control vector (pcDNA3), pro-caspase-9 alone
(pC9), or in the presence of 50 mM BAF (pC9 1 BAF). Cells were photographed
24 h after transfection. Expression of pro-caspase-9 resulted in the induction
of a typical apoptotic phenotype, including cell shrinkage and the formation
of apoptotic bodies (Middle). BAF suppressed the apoptotic phenotype, but
cells displayed a vacuolated morphology similar to that observed with IGFIR-
IC-induced cell death (Bottom, arrowheads). (C) Internucleosomal DNA frag-
mentation of 293T cells transfected with the indicated pro-caspase expression
constructs alone or in the presence of 50 mM BAF. Internucleosomal DNA
fragmentation was completely inhibited by BAF. (D) TUNEL staining of 293T
cells 48 h after transfection with the indicated constructs. Cells were stained
as described in Fig. 2B. (E) Electron micrograph of 293T cells transfected with
an expression construct for pro-caspase-9 in the presence of zVAD.fmk (40
mM). Morphology similar to IGFIR-IC-induced cell death was observed, includ-
ing cytoplasmic vacuolation and the absence of chromatin condensation,
nuclear fragmentation, and apoptotic body formation. (Original magnifica-
tion: 36,000.)
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mutation of D315 and D330 of paraptosis. Thus caspase-9
displays at least two distinct activities, one that is proapoptotic
and one that induces nonapoptotic cell death.

These data suggest a reconsideration of previously published
conclusions in which a lack of effect of caspase inhibitors on cell
death has been interpreted as indicating caspase-independent
cell death (e.g., ref. 39). Furthermore, the conclusion that an
Apaf-1 independent type of cell death that resembles necrosis in
some morphological aspects may in fact be a form of pro-
grammed cell death involved in development is supported by the
finding that in transgenic mice null for Apaf-1, the deletion of the
interdigital webs is not blocked (although it is slightly delayed)
and features a necrosis-like morphology with negative TUNEL
staining (40).

It is noteworthy that morphologically similar forms of cell
death have been described previously in neural development (7,
9, 11) and degeneration (15) (Table 2). Terms applied to this
form include cytoplasmic death (11) and type 3B death (9). This
form has been shown to occur in developing chick spinal cord
motor neurons and neonatal rat superior colliculus, among other
locations (41–44).

It is of interest to ask what the evolutionary relationship
between apoptosis and nonapoptotic programmed cell death is.
Reed’s laboratory (45) reported that Bax expression in Schizos-
accaromyces pombe induced cell death that featured massive

cytoplasmic vacuolation and was not inhibited by p35. Although
that form of cell death is at least superficially similar to what we
have reported here, additional studies are required to determine
whether or not S. pombe, which has not been shown to undergo
apoptosis, has an alternative program for cell death. In addition,
programmed cell death in Dictyostelium discoideum features
cytoplasmic vacuolation without nuclear fragmentation or DNA
cleavage (46).

Understanding the biochemical pathway(s) for nonapoptotic
programmed cell death has potential implications for the un-
derstanding of neurodegeneration, cancer therapeutics, devel-
opment, and evolutionary aspects of cell death programs.
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